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The photon – induced interactions, present in ep, eA, pp, pA, AA and e+e− collisions, are ex-
pressed within the color dipole approach in terms of the photon wave function, which describes the
transition of the photon into a quark – antiquark color dipole. Such quantity is usually calculated
using perturbation theory assuming that long distance corrections associated to strong interactions
can be neglected. In this paper we investigate the impact of these nonperturbative QCD (npQCD)
corrections to the description of the photon wave function for dipoles of large size in several observ-
ables measured at HERA, LEP and LHC. We assume a phenomenological ansatz for the treatment
of these npQCD corrections and constrain the free parameters of our model using the experimental
data for the photoproduction cross section. The predictions for the γγ cross section, exclusive ρ
production in ep collisions and the rapidity distribution for the ρ production in PbPb collisions are
compared with the data. We demonstrate that the inclusion of the nonperturbative QCD corrections
improves the description of processes that are dominated by large dipoles.
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I. INTRODUCTION
The description of the high energy behaviour of the strong interactions theory – the Quantum Chromodynamics
(QCD) – is one of the main challenges of the Standard Model [1]. Such aspect is directly related to the fact that
the physical observables in hadronic collisions receive contributions of short and long – distance regimes. For hard
processes, as e.g. heavy quark and jet production, the separation between these regimes is usually performed using
the collinear factorization theorem [2], which implies that the observables can be estimated in terms of the cross
sections for the partonic subprocesses, which can be computed order by order in perturbation theory, and the parton
distribution functions, which are expected to be universal quantities and contain the nonperturbative contributions.
Such factorization is expected to breakdown at high energies due to the high density of gluons that imply nonlinear
corrections to the QCD dynamics [3]. During the last years, distinct approaches have been proposed to generalize
the collinear factorization in the high energy regime and take into account of these nonlinear effects [4–6]. One of
these approaches is the color dipole formalism [7, 8], which provides an unified description of inclusive, diffractive
and exclusive observables in electron – hadron, hadron – hadron and photon – photon collisions at high energies.
An extensive phenomenology have been performed using this formalism, with the associated predictions being able
to successfully describe a large set of experimental data (See e.g. Refs. [9–11]). In the particular case of photon
– induced interactions, one of the basic ingredients present in this formalism is the photon wave function, which
describes the photon transition into a quark – antiquark color dipole with a pair separation r. In Fig. 1 we present
some examples of photon – induced processes. For the deep inelastic scattering (DIS) process, one have that the total
cross section for the interaction between a virtual photon and the proton can be expressed in terms of the imaginary
part of the elastic γ∗p amplitude, represented in Fig. 1 (a), where Ψγ(r, z) is the photon wave function and the blob
represents the interaction between the dipole and the proton. Similarly, the scattering amplitude for the exclusive
vector meson production shown in Fig. 1 (b), can also be written in terms of Ψγ , with the new ingredient being the
vector meson wave function, ΨVM (r, z), which describes the transition of the qq¯ dipole into the vector meson. In the
case of photon – photon interactions at high energies, the color dipole formalism predicts that the total cross section
can be obtained from the the elastic γ∗γ∗ amplitude, represented in Fig. 1 (c), which depends on the photon wave
functions and the dipole – dipole cross section, represented by the blob in the figure. In general, it is assumed that
the photon wave function can be estimated using perturbation theory, with npQCD corrections being only important
to describe the dipole – proton and dipole – dipole interactions as well as the vector meson wave function. In other
words, it is assumed that the photon wave function does not receive nonperturbative QCD contributions, which can
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FIG. 1: Diagrammatic representation of the scattering amplitude for the (a) elastic γ∗p, (b) exclusive ρ meson and (c) γ∗γ∗
processes.
be important for dipoles of large size. Such strong assumption about the photon wave function is fully justified if the
observable is dominated by the contribution associated to dipoles of small size, i.e. in processes dominated by short
distances between the quark and antiquark as e.g. the DIS at large Q2, the exclusive production of heavy vector
mesons and the interaction between two highly virtual photons. However, if the contribution of large size dipoles
becomes nonnegligible, it is natural to expect that nonperturbative contributions to the photon wave function will be
important and must be taken into account in the description of the observables using the color dipole formalism.
Our goal in this paper is to perform a phenomenological analysis of the npQCD contributions for the photon wave
function, focusing on the description of processes where we expect a larger impact of these corrections as the total
photoproduction cross section (σγp), the exclusive ρ production for small values of Q
2 in ep collisions and the real
γγ cross section. In addition, we also will compare our predictions with the data for the exclusive ρ photoproduction
in PbPb collisions and for the reduced ep cross section. The experimental data for σγp will be used to constrain the
free parameters of our phenomenological model, which implies that the predictions for the other observables will be
a direct test of our ansatz as well as of the universality of the color dipole formalism. As demonstrated below, the
introduction of a correction factor in the photon wave function, associated to npQCD contributions, improves the
description of the experimental data for the observables sensitive to long distances. In addition, we will show that the
predictions of the observables dominated by short distances are not modified. The paper is organized as follows. In the
next Section, we will present review of the color dipole formalism for the description of photon – induced interactions.
Moreover, our ansatz for the npQCD correction to the photon wave function will be introduced. In Section III, the
free parameters of our model will be constrained using the σγp data and predictions for the γγ cross sections and for
the exclusive ρ production in ep collisions will be compared with the LEP and HERA data, respectively. The impact
on the exclusive vector meson photoproduction in PbPb collisions will also be discussed. Finally, in Section IV we
will summarize our main conclusions.
II. FORMALISM
Let us start our study considering the description of the deep inelastic ep scattering at high energies. It is usually
described in the infinite momentum frame of the hadron in terms of the scattering of the virtual photon off a sea quark,
which is typically emitted by the small-x gluons in the proton. However, the photon – proton scattering can also be
described in the dipole frame, in which most of the energy is carried by the hadron, while the photon has just enough
energy to dissociate into a quark-antiquark pair before the scattering [7]. In this frame, the probing photon fluctuates
into a quark-antiquark pair (a dipole) with transverse separation r long before the interaction, which then scatters
off the proton [7]. In this approach, denoted color dipole formalism, the total γ∗p cross section can be expressed as
follows
σγ∗p(W
2, Q2) =
∑
i=L,T
∫
dz d2rd2b |Ψγi (z, r)|2 2N (b, r, x), (1)
where W 2 is the squared photon - hadron center-of-mass energy and Q2 is the photon virtuality, The variables r and
z are the dipole transverse radius and the momentum fraction of the photon carried by a quark (an antiquark carries
then 1 − z), respectively, and b is the impact parameter of the dipole relative to the proton. Moreover, N (x, r, b)
3is the forward dipole-target scattering amplitude which encodes all the information about the hadronic scattering,
and thus about the nonlinear and quantum effects in the proton wave function [1]. For the exclusive vector meson
production in ep collisions, the color dipole formalism predicts that the total cross section for the γ∗L,T p→ Ep process
can be expressed as follows [11]
σγ∗p→Ep(W
2, Q2) =
∑
i=L,T
∫
dt
dσ
dt
(γ∗i p→ Ep) =
∑
i=L,T
∫
dt
1
16π
|Aγ∗p→Epi (x,Q2,∆)|2 , (2)
with E = ρ, J/Ψ, ... and the amplitude being given by
Aγ∗p→EpL,T (x,Q2,∆) = i
∫
dz
4π
d2r d2b e−i[bh−(1−z)r].∆ [Ψ∗E(z, r)Ψγ(z, r, Q
2)]L,T 2N (x, r, b) (3)
where [Ψ∗E(z, r)Ψγ(z.r, Q
2)] denotes the wave function overlap between the virtual photon in the initial state and the
vector meson in the final state and ∆ =
√−t is the momentum transfer. In this case the cross section also depends
on the description of the vector meson wave function ΨE, which describes the transition of the qq¯ pair into the vector
meson and is sensitive to nonperturbative QCD corrections [12].
As demonstrated e.g. in Ref. [13], the color dipole formalism can be directly extended to estimate the total cross
section for the γ(∗)γ(∗) scattering at high energies, which can be measured in e+e− colliders by tagging both outgoing
leptons close to the forward direction (For a review see [14]). At high energies, the scattering between the two photons
can be described in the dipole frame, in which the photons, with virtualities Q21,2, fluctuate into quark-antiquark pairs
(two dipoles) with transverse sizes r1,2, which then interact and produce the final state X . Within such formalism,
the part of the two-photon total cross section that determines the energy behaviour at high energies corresponds to
the exchange of gluonic degrees of freedom and is given by [15]
σγγij (W
2, Q21, Q
2
2) =
Nf∑
a,b=1
∫
dz1
∫
d2r1|Ψγi,a(z1, r1)|2
∫
dz2
∫
d2r2|Ψγj,b(z2, r2)|2σdda,b(r1, r2, Y ). (4)
In the above formula, W 2 is the collision center of mass squared energy, z1,2 are the longitudinal momentum fractions
of the quarks in the photons, Ψγi,a(zk, r) denotes the photon wave function, the indices i, j label the polarisation
states of the virtual photons (i, j =L or T) and a, b label the quark flavours. Moreover, the interaction is described
by σdda,b(r1, r2, Y ), which is the dipole-dipole cross section. In the eikonal approximation, it can be expressed by [16]
σdd(r1, r2, Y ) = 2
∫
d2bN (r1, r2, b, Y ) (5)
where N (r1, r2, b, Y ) is the imaginary part of the scattering amplitude for two dipoles with transverse sizes r1 and
r2, relative impact parameter b and rapidity separation Y . Following Refs. [13, 16], we will assume that
σdda,b(r1, r2, Y ) = σ
a,b
0 N (reff , Y = ln(1/x¯ab)) (6)
where
r2eff =
r21r
2
2
r21 + r
2
2
and x¯ab =
Q21 +Q
2
2 + 4m
2
a + 4m
2
b
W 2 +Q21 +Q
2
2
. (7)
and σa,b0 = (2/3)σ0, with σ0 being a free parameter determined by fitting the DIS HERA data. This relation can
be justified by the quark counting rule, as the ratio between the number of constituent quarks in a photon and the
corresponding number of constituent quarks in the proton. In Refs. [13, 16] the authors have demonstrated that the
LEP data for the γγ interactions can be described by the color dipole formalism if the values of the light quark masses
are increased in comparison to those need to describe the HERA data.
The above results demonstrate that in color dipole formalism, the different observables can be fully determined by
the modelling of the dipole scattering amplitude and the photon and vector meson wave functions. At high energies
the evolution with the Bjorken – x variable of N (r, b, x) is given by the infinite hierarchy of equations, the so called
Balitsky-JIMWLK equations [17, 18], which reduces in the mean field approximation to the Balitsky-Kovchegov (BK)
equation [17, 19]. It is useful to assume the translational invariance approximation, which regards hadron homogeneity
in the transverse plane, which implies that N (r, b, x) = S(b)N (r, x), where S(b) is the profile function of the proton,
which sets the normalization. During the last years, the description of N (r, x) have been a subject of intense activity
4(See e.g. Refs. [9–11, 20, 21]). As our focus is not the discussion of the QCD dynamics at high energies, but
instead to estimate the impact of npQCD corrections in the photon wave function, we will assume in what follows the
phenomenological saturation model proposed in Ref. [9], denoted GBW model hereafter. In this model, the scattering
amplitude, N (r, x), is given by [9]
N (r, x) = 1− e−r2Q2s(x)/4, (8)
where the saturation scale is given by Q2s(x) = Q
2
0 (x0/x)
λ
. The parameters x0, λ and σ0 =
∫
d2bS(b) were obtained
by fits to the DIS HERA data for x ≤ 0.01 assuming that the light quark masses are mu = md = ms = 0.14 GeV and
that the squared photon wave functions |ΨT (z, r)|2 and |ΨL(z, r)|2 are given by
|ΨγT (z, r)|2 =
6αem
4π2
∑
f
e2f{[z2 + (1− z)2] ǫ2fK21 (ǫfr) +m2f K20 (ǫfr)} , (9)
|ΨγL(z, r)|2 =
6αem
4π2
∑
f
e2f [4Q
2z2(1 − z)2 K20 (ǫfr)] , (10)
with (ǫf )
2 = z(1 − z)Q2 +m2f , ef and mf denote the charge and mass of the quark of flavor f and the functions
K0 and K1 are the McDonald–Bessel functions. These squared wave functions are also used in the phenomenological
studies of the photon – photon interactions using the color dipole formalism [13, 16]. It is important to emphasize
that such expressions are derived by calculating Ψγi (z, r) using light – cone perturbation theory and assuming that
the quark and antiquark can be represented by asymptotic states, which are not affected by nonperturbative effects
(See e.g. Refs. [7, 11]).
An important aspect in the color dipole formalism is that the observables are obtained by integrating the photon
wave function over all possible values of the pair separation r. As demonstrated in several papers (See e.g. Refs.
[9, 11, 22, 23]), the contribution of large – r is strongly suppressed by nonlinear effects and/or by the presence of
a hard scale in the process, which can be the photon virtuality, the quark mass or the mass the vector meson in
final state. One typical example of a process dominated by small dipoles is the exclusive Υ production at large
Q2. On the other hand, the contribution of small and large size dipoles for the exclusive ρ production is strongly
dependent on the photon virtuality. The HERA data for this observable have demonstrated that for large Q2 the
energy dependence of the total cross section is similar to that observed for the J/Ψ production, while for Q2 → 0 the
energy dependence becomes similar to that expected for a soft process [35, 36]. Such behavior is directly associated
to the fact that for small values of Q2 the contribution of large size dipoles for the exclusive ρ production becomes
nonnegligible. Therefore, we expect that the description of this observable to be sensitive to nonperturbative QCD
corrections. Similarly, we also expect a nonnegligible npQCD contribution for the photoproduction cross section,
σγ∗p(W
2, Q2 = 0), and for the real photon – photon cross section, σγγ(W 2, Q21 = 0, Q
2
2 = 0). Such expectation have
been previously discussed in some few studies [24–28]. Inspired by Ref. [27], we will assume that the main impact of
npQCD contributions for the photon wave function can be modelled by the replacement Ψγi (z, r)→
√
fc(r) Ψ
γ
i (z, r),
where the correction factor fc is assumed to be
fc(r) =
[
1 +B exp
(−ω2(r −R)2)
1 +B exp (−ω2R2)
]
. (11)
with B and ω being free parameters and R = 6.8 GeV−1. Such factor suppress the contribution of large dipoles,
as expected from confinement effects which preclude a unrestricted increasing of the distance between quark and
antiquark. In the next Section, we will constrain B and ω by fitting the experimental data for σγ∗p(W
2, Q2 = 0) and
derive parameter free predictions for σγγ(W 2, Q21 = 0, Q
2
2 = 0) and for the exclusive ρ production at HERA and LHC.
III. RESULTS
The photoproduction cross section, σγp(W
2), has been measured by several experiments [29] at small and large
center – of – mass energies. At low energies, the energy dependence is expected to be described by a reggeon
contribution, which represents a nonperturbative phenomenon related to Reggeon trajectories of light mesons and is
characterized by a decreasing energy dependence. On the other hand, at high energies, the Pomeron contribution,
associated to a gluonic exchange, is expected to dominate. Following Ref. [13], we will assume that the Pomeron
term is described by the color dipole formalism. Consequently, we will have that
σγp(W
2) = σγ∗p(W
2, Q2 = 0) [Eq. (1)] + σRγp(W
2) (12)
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FIG. 2: Energy dependence of the photoproduction cross section.
where σRγp = Aγp.(W
2)−η, with Aγp = 0.12 mb and η = 0.3 [13]. Initially, let’s estimate Eq. (1) considering the set
of parameters originally derived in Ref. [9] using the DIS data and without the inclusion of the correction factor fc.
The resulting prediction for σγp(W
2) is represented by the solid line in Fig. 2, which is denoted no-fc + Reggeon.
As already emphasized in Ref. [13], the original GBW model overestimate the experimental data. In Ref. [13] the
authors proposed to increase the value of the light quark masses in comparison to that need to describe the DIS data.
In our approach we will not modify the light quark masses, but instead we will include the factor fc discussed in the
previous Section. In Fig. 2 we demonstrate that the experimental data can be described including fc and assuming
that B = −0.9 and ω = 0.15 GeV.
Let’s now estimate the impact of fc in other observables. In our analysis we will assume the same assumptions
considered in previous studies about photon – photon interactions and exclusive ρ production, only including the
phenomenological factor fc and assuming that the light quark masses are those used in the description of the DIS
data. Consequently, we will derive parameter free predictions. In Fig. 3 (a) we present our predictions for the energy
dependence of the real γγ cross section. We have that the inclusion fc implies that the color dipole formalism is
able to describe the experimental data for the collision between two real photons. We also can estimate the impact
of fc for the collision between virtual photons. As discussed before, for this case the cross section is expected to be
dominated by small dipoles and, consequently, to be insensitive to nonperturbative QCD corrections in the photon
wave function. Such expectation is confirmed by the results presented in Fig. 3 (b), where we present our predictions
for the rapidity dependence, Y ≡ ln(W 2/Q1Q2), of the virtual γ∗γ∗ cross section for Q21 = Q22 = 5 GeV2.
In Fig. 4 we present our predictions for the exclusive ρ production in ep collisions for different values of the photon
virtuality Q2. As in previous studies [23], we will consider the Boosted Gaussian model for the overlap function
[Ψ∗ρ(z, r)Ψγ(z.r, Q
2)]. As expected from our previous discussions, we have that the impact of fc depends on Q
2.
For large photon virtualities, it is negligible but becomes important with the decreasing of Q2. Our results indicate
that the description of the data for small Q2 is improved by the inclusion of fc. On the other hand, at large Q
2
the data is not well described, which is associated to the fact that the GBW model does not taken into account of
the DGLAP evolution. The larger impact of the nonperturbative QCD corrections is expected for the exclusive ρ
photoproduction. Such process have been studied in ultraperipheral heavy – ion collisions at the LHC [23, 30, 31],
which are characterized by an impact parameter larger than the sum of the nuclear radius [32]. In Fig. 5 (a) we
present our predictions for the rapidity distribution of the vector meson for PbPb collisions at
√
s = 5.02 TeV, derived
following Refs. [23, 33] with and without the inclusion of the correction factor fc. Our results demonstrate that the
ALICE data can be described by the GBW model if fc is included in the calculation. On the other hand, the results
presented in Fig. 5 (b) show that the impact of this correction is small in the exclusive J/Ψ photoproduction.
Finally, let’s estimate the impact of fc on the description of the reduced ep cross section for different values of Q
2.
During the last years, the ZEUS and H1 Collaborations have released very precised data for this quantity, which can
be expressed in terms of σγ∗p [38]. In Fig. 6 we compare our predictions with the experimental data. As expected,
the impact of fc decreases at large photon virtualities and becomes nonnegligible at small Q
2. As the parameters of
the GBW model, as well from other phenomenological saturation models, are in general constrained using the HERA
data without the inclusion of the fc correction, these results indicate that one important next step is to perform a
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FIG. 3: (a) Energy dependence of the real γγ cross section. (b) Rapidity dependence of the virtual γ∗γ∗ cross section for
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2. Data from Ref. [34].
new global fit of the dipole – proton scattering amplitude taking into account of the nonperturbative QCD corrections
to the photon wave function. Work in this direction is in progress.
A comment is in order, before to summarize our main conclusions in the next Section. Our results indicated that
the inclusion of the nonperturbative factor improves the description of the γp and γγ observables that are dominated
by long distances considering the same quark mass used in the analysis of the DIS data. One important question is:
can we obtain the same improvement adjusting the quark mass and without the inclusion of fc? We have verified that
it is not possible to describe all set of data only modifying the quark mass. We have that the description of the real
γγ and γp cross section demands a large value of the quark mass (≈ 0.23 GeV), but such value spoils the description
of the data for the exclusive ρ production and DIS at medium – Q2. On the other hand, assuming that mf ≤ 0.14
GeV, which is preferred by the DIS and ρ data, we were not able to describe the real γγ and γp data. Such results
point out that nonperturbative effects must be taken into account in the photon wave function in order to describe,
in an unified way, the photon – induced processes.
IV. SUMMARY
In recent years the color dipole formalism has been largely used to estimate inclusive and exclusive observables
taking into account of nonlinear effects in the QCD dynamics at high energies. One of the basic ingredients to
describe the photon – induced interactions present in ep, eA, γγ and ultraperipheral heavy ion collisions is the photon
wave function. In general, this quantity is estimated using perturbation theory and neglecting long distance corrections
associated to nonperturbative QCD effects. In this paper, we have performed a phenomenological analysis of these
corrections in a set of observables that are sensitive to dipoles of large size. Assuming the GBW model to describe the
dipole – proton scattering amplittude, we have fixed the two free parameters of our model using the experimental data
for the photoproduction cross section and obtained parameter free predictions for the photon – photon and exclusive
ρ cross sections. We have demonstrated that the inclusion of the nonperturbative QCD corrections in the photon
wave function improves the description of the experimental data for the observables that are sensitive to dipoles of
large size, but have negligible impact on the observables that are dominated by short distances. Our results motivate
a new global fit of the reduced cross section using the color dipole formalism and taking into account of the npQCD
corrections to the photon wave function.
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